GPS analysis requires statistical information on temporal variations of precipitable water vapor content (PWC), since temporal variability of PWC is assumed in the analyses. Spatial scales of PWC variations also are necessary for incorporation of the analyzed GPS data into numerical weather prediction systems.
Introduction
Global Positioning System (GPS) analysis software retrieves slant-path wet delay induced by the atmospheric humidity (Bevis et al. 1992) . As Tralli and Litchen (1990) pointed out, the retrieved wet delay can change largely, depending on the temporal variability of precipitable water vapor content (PWC) assumed in the analysis. Hence, accurate GPS analysis requires statistical information on PWC variations in the real atmosphere.
Many GPS analysis software packages use a gradient mapping function of MacMillian (1995) to decompose the slant-path wet delay into three components, vertical PWC, horizontal gradient, and higher-order inhomogeneity. These humidity-related data are attractive as the inputs into numerical weather prediction (NWP) systems. For the assimilation, however, it is necessary to know spatial scales of the three components (Maanen 1981) .
Some studies have already examined temporal variability of the vertical PWC or gradient, using ground-based microwave radiometers (MWRs). For example, Gü ldner and Spä nkuch (1999) employed yearly MWR data in central Europe for their statistical analysis.
However, little attention has been paid to the spatial scales of PWC variations. It is also expected that temporal PWC variations in central Europe are distinct from those in Japan that is located around the moisture-rich 'storm track' in the northwest Pacific. Accordingly, the objective of the present study is to investigate temporal and spatial characteristics of the PWC variations in the Kanto Plain, Japan.
For this purpose, we operated MWRs to observe slant-path PWC in the eastern part of the Kanto Plain over several periods in 2000 and 2001. We retrieved the three components of PWC from the observed data. We then analyzed amplitudes, temporal and horizontal characteristics of these PWC components.
2. Data used in the present study
Slant path PWC observation
In the present study, we operated dual-frequency MWRs (Radiometrics WVR1100) that automatically observed brightness temperatures (TBs) at 23.8 and 31.4 GHz along slant paths in the directions of all observable GPS satellites with time intervals of about 1 minute. The observation cycle usually took 10 to 12 minutes since about 10 GPS satellites were positioned above the horizon simultaneously.
Our MWR observations were performed in the following two manners: 1) To obtain long-term observation data, we operated a MWR at the Meteorological Research Institute (MRI) in Tsukuba (about 40 km north-east of Tokyo) for Aug. 3-Sep. 4, 2000 , Sep. 27-Nov. 15, 2000 , and Jan. 18-Feb. 13, 2001 . (Hereafter these observation periods are referred to as OP1, 2, and 3.); and, 2) To estimate horizontal scales of PWC variations, we simultaneously operated MWRs at MRI, National Research Agricultural Center (NRAC, about 10 km west-southwest of MRI), and Communication Research Laboratory (CRL, about 50 km southeast of MRI) during Aug. 13-Sep. 2, 2001 (see Fig. 1 ). We chose this observation period (hereafter referred to as OP4) because we expected large spatial PWC differences in moisture-rich situations.
We retrieved slant-path PWC and liquid water content (LWC) from TBs by Radiometrics algorithm (Radiometrics Corp., 1998) . To validate the retrieved PWC, we operated the MWRs at MRI, and compared the retrieved PWC with operational upper-air radiosonde observations in Tsukuba. The validation indicated that MWR PWC had high linear correlation with PWC derived from the radiosonde data. Though each MWR had different instrumental biases from the PWC derived using radiosonde observation data. Hence, we calibrated MWR PWC by the linear fitting method whose coefficients were determined based on the above comparison. Then, using the threshold by Aonashi et al. (2000), we excluded possible rainy data with slant-path LWC over 0.5 sec y kgm À2 , where y denotes the elevation angle of the path. Low elevation angle data (y < 30 degrees) were also omitted because we found overestimation of MWR PWC for that elevation range, especially in moisture-rich situations. This overestimation was probably caused by a large field-of-view (about 5 degrees) of the MWR.
Calculation of vertical, gradient, and
inhomogeneity components of PWC Slant-path PWC at the elevation angle y, and direction angle f ðSPWCðy; fÞÞ can be divided into vertical PWC component ðPWCzÞ, variation due to PWC gradient ðGrdðy; fÞÞ, and higher-order inhomogeneity ðInhÞ:
where mðyÞ is the mapping function that is approximated as sec y in the present study. Using notation by MacMillan (1995) , the variation due to PWC gradient is expressed as:
where G N ðG E Þ is the PWC gradient coefficient in north (east) direction. We adopted the method by Aonashi et al. (2000) to retrieve hourly PWCz; G N and G E from about 50 slant-path PWC observations for each hour, by minimizing the following cost function:
We then obtained the inhomogeneity component, Inh for each slant-path by substituting the above PWCz; G N and G E into equation (1). Figure 2 shows the time sequence of the vertical PWC for OP1-OP3. Besides variations with periods shorter than 10 days, the vertical PWC includes seasonal changes that are beyond the scope of the present study. We derived deviations from ten-day averages of the vertical PWC (hereafter referred as vertical deviations) to remove these changes. On the other hand, seasonal changes were not significant in the gradient and inhomogeneity (figure not shown). Table 1 shows the averaged PWC and the standard deviations (STDs) of the vertical deviation, the variation due to the gradient, and the inhomogeneity component for OP1-OP3.
Results

Variation amplitudes of PWC
This table indicates that the vertical deviation marked about 20 times as large STDs as the other two components for the three periods, and that the observed PWC variations were dominated by the vertical deviation. On the other hand, the variation due to the gradient was even smaller than the inhomogeneity component. This suggests that the gradient map- ping function was not a good approximation, because of small amplitude of the PWC gradients in the Kanto Plain.
Comparing the variation amplitudes for the three periods, we also found that the STDs relative to the averaged PWC became larger as the season marched. For example, the vertical deviation had the STD comparable to the averaged PWC in winter (OP3), when large-scale extra-tropical lows were often developed along the 'storm track'.
Temporal scales of PWC variations
We estimated typical temporal scales of the 3 components for OP1-OP3, with spectral analysis of these data with respect to time. In this analysis, we adopted the Lomb algorithm (Press et al. 1992 ) to calculate spectral power from the observed data that included some periods without data. Figure 3a plots the spectral power of the vertical deviation for OP1-OP3 against the period. This figure shows that variations with periods around 5-6 days, and 8-9 days were dominant in the vertical deviation. Comparing the spectral power during respective observation periods, we found small fluctuations in the predominant periods of the vertical deviation; OP2 had large spectral power for periods around 2-3 days (see Fig. 3b ).
We also found that surface pressure in Tsukuba had similar temporal variations with the vertical deviation. For example, spectral power of the surface pressure for OP2 (Fig. 3c) agreed well with that of the vertical deviation (Fig. 3b) .
Since the surface pressure is the good index of large-scale extra-tropical low, we consider that the vertical deviation was also closely related to this disturbance. Figure 4a (b) plots the spectral power of the variation due to the gradient (the inhomogeneity) for OP1-OP3. These figures show that the gradient was dominated diurnal variations while the inhomogeneity recorded large spectral power for periods shorter than several days. It should be noted that near-daily peaks in the PWC gradient were also analyzed from slant-path MWR observations with a fixed elevation angle, which were performed by Aonashi et al. (2000) . Accordingly, we consider that the diurnal variations in the gradient are the real atmospheric phenomena. (Although there is a possibility that observation in the GPS satellite directions can overestimate near-daily variations. (Elgered, personal communication)) Figure 5 displays scatter plots of the three components between MRI and NRAC for OP4. This indicates little spatial difference in the vertical deviation and large variability of the inhomogeneity on this horizontal scale (10 km).
Horizontal Scale of the PWC variations
To describe the horizontal scale of the PWC variations, we adopted Maanen's model (1981) that fits the correlation coefficient ðCorrÞ of a physical variable between different points in terms of the distance ðRÞ as follows:
where a and b are fitting constants. The horizontal scale of the variable ðR0Þ can be expressed as 1/b. Although we have only three MWR sites in the present study, we can roughly estimate the order of R0 by applying Maanen's model. For this purpose, we calculated correlation coefficients of the three components between the MWR sites for OP4 (Table 2) .
The correlation of the vertical deviations was high (0.896), even between NRAC and CRL (R A 57 km). Thus, we considered that the horizontal scale of this component was on the order of several hundred kilometers, much larger than this distance. It should be noted that large-scale meteorological disturbances often have similar horizontal scales.
We then fitted the correlation coefficients of the gradient to equation (4). Based on the results, we estimated that the PWC gradient had the horizontal scale of several ten kilometers. This implies that the gradient was caused by local-scale circulations.
As shown in Table 2 , correlation of the PWC inhomogeneity was negligible, even for the distance of 10 km. This means that the horizontal scale of the PWC inhomogeneity was considerably smaller than 10 km.
Summary and discussion
We made a statistical analysis to characterize the temporal and spatial PWC variations using the MWR observation data in the eastern part of the Kanto Plain over several observation periods in 2000 and 2001.
The results show: 1) The vertical deviation marked about 20 times as large amplitudes as the PWC variations due to the gradient and inhomogeneity. This means that the observed PWC variations were dominated by the vertical deviation;
2) The variation due to the gradient was even smaller than the inhomogeneity component;
3) The vertical deviation had large spectral power against periods around 5-6 days and 8-9 days, while the gradient was dominated by diurnal variations. The inhomogeneity recorded large spectral power against periods shorter than several days;
4) It is roughly estimated that horizontal scale of the vertical deviation (the gradient) was on the order of several hundred (several ten) kilometers. The horizontal scale of the PWC inhomogeneity was considered to be less than 10 km; and, 5) It is considered that the vertical deviation (variation due to the gradient) was closely related with large-scale extra-tropical low (localscale circulation), on the basis of the above temporal and spatial characteristics.
The unique finding of the present study is the horizontal scales of the three components of the PWC variations. This result is expected to be applicable to assimilation of the GPS PWC data into NWP systems. We can also validate GPS analysis data by comparing this result with the horizontal scales of PWC variations derived from GPS data.
Comparing the above results with the study by Gü ldner and Spä nkuch (1999), we found that the Kanto plain had larger vertical PWC variations than in central Europe, where the STD was 5 kg m À2 at most. Since the vertical PWC variation was closely related to largescale extra-tropical lows, we consider that these large variations arose from development of the disturbances along the 'storm track' around Japan.
Another finding of the present study was that the PWC gradient was dominated by local-scale variations, (period of 1 day, horizontal scale of several ten kilometers). The result is consistent with Davis et al. (1993) , in contrast to MacMillan and Ma (1997) that emphasized large- To address these problems, we will analyze PWC data obtained from dense GPS network observation campaigns in Tsukuba in 2000 and 2001. It is also necessary to study PWC variations in mountainous areas that occupy two thirds of Japan.
